Inexpensive organic dyes-sensitized zinc oxide nanoparticles photoanode for solar cells devices by Shaat, Samy K. et al.
Inexpensive organic dyes-sensitized
zinc oxide nanoparticles photoanode
for solar cells devices
Samy Shaat
Hamdiya Zayed
Hussam Musleh
Nabil Shurrab
Ahmed Issa
Jihad Asad
Naji Al Dahoudi
Samy Shaat, Hamdiya Zayed, Hussam Musleh, Nabil Shurrab, Ahmed Issa, Jihad Asad, Naji Al Dahoudi,
“Inexpensive organic dyes-sensitized zinc oxide nanoparticles photoanode for solar cells devices,”
J. Photon. Energy 7(2), 025504 (2017), doi: 10.1117/1.JPE.7.025504.
Inexpensive organic dyes-sensitized zinc oxide
nanoparticles photoanode for solar cells devices
Samy Shaat,a,* Hamdiya Zayed,b Hussam Musleh,b,c Nabil Shurrab,d
Ahmed Issa,e Jihad Asad,c and Naji Al Dahoudic
aIslamic University of Gaza, Faculty of Science, Department of Physics, Gaza, Palestine
bAin Shams University, Women’s College for Art, Science, and Education,
Department of Physics, Cairo, Egypt
cAl Azhar University-Gaza, Faculty of Science, Department of Physics, Gaza, Palestine
dAl Azhar University-Gaza, Faculty of Science, Department of Chemistry, Gaza, Palestine
eAl Azhar University-Gaza, Faculty of Engineering and IT, Department of Engineering,
Gaza, Palestine
Abstract. Zinc oxide nanoparticles (ZnO NPs) were synthesized using a hydrothermal route.
The prepared ZnO NPs were characterized by x-ray diffraction (XRD), high-resolution trans-
mission electron microscopy (HR-TEM), UV–vis spectroscopy, and photoluminescence (PL)
spectroscopy. The XRD patterns confirmed the standard hexagonal wurtzite structure of
ZnO NPs, and the calculated value of the average particle size was 23.34 nm. HR-TEM micro-
graphs of ZnO NPs showed semispherical particle morphologies and their sizes lie between 10
and 40 nm. The estimated average size distribution of ZnO NPs was 21.35 6.01 nm. UV–vis
spectrum of ZnO NPs revealed the highest absorption band at 360.5 nm, and the Eg was
3.70 0.01 eV. The PL spectrum emission was deconvoluted by eight peaks into two regions
[near-ultraviolet (NUV) and visible that caused from the defects]. Two groups of dye-sensitized
solar cells (DSSCs) thin film devices based on ZnO NPs were sensitized in different concen-
tration solutions of 0.1, 0.32, and 0.5 mM of eosin B (EB) and eosin Y (EY) dyes. The sensitized
DSSCs device with 0.32-mM dye of EY displayed higher efficiency and its performance param-
eters are much better among all other fabricated DSSCs devices. The short current density (Jsc)
increased from 1.59 to 4:97 mA∕cm2 and the Voc enhanced from 0.36 to 0.46 V. The conversion
efficiency from light to electricity showed a significant improvement from 0.29% to 0.94%. The
transient open circuit photovoltage decay (TOCPVD) was measured to estimate the apparent
electron lifetime or response time (τn) or the electron recombination rate (krec), using the double
exponential function for first time to fit the experiment data of TOCPVD. The results revealed
that the EY dye can be used as an efficient and an inexpensive dye for DSSCs. © 2017 Society of
Photo-Optical Instrumentation Engineers (SPIE) [DOI: 10.1117/1.JPE.7.025504]
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1 Introduction
The worldwide energy shortage and crisis drove humankind into a quest of alternative energy
solutions. Scientists, economists, and politicians face tremendous challenges to find out the
alternative clean renewable energy (CRE) resources.1 Among these, solar energy (SE) is one of
the most active research areas for many researchers. It is worth mentioning that, the hourly SE
flux arriving to earth is as much as the global power consumption. Thus, the sun is considered
as an abundant source of CRE. Therefore, investigators and workers have been paying more
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attention to convert the SE radiation to electricity by fabricating the photovoltaic solar cells
(PVSCs). More than one generation of PVSCs were reported in the literature such as the sil-
icon-based solar cells (SBSCs) and dye-sensitized solar cells (DSSCs) that are considered as
a new class of photoelectrochemical cells based on nanoscale porous metal oxide semicon-
ductors. The high cost of SBSCs is the main factor that still limits the implementation of solar
electricity on wide scales.2 On one hand, DSSCs3 present a new model of PVSCs, which is
very different from the SBSCs, as they do not rely on a traditional p-n heterojunction to sep-
arate photogenerated charge carriers. They were introduced as the third generation of PVSCs
after the SBSCs and the thin film solar cells.4 DSSCs are cost effective and easy to fabricate.
Nevertheless, they are still widely investigated to improve their efficiency. The DSSCs are
a mimic of the photosynthesis and the physical separation between photon absorption and
charge percolation process. Herein, the SE radiation is absorbed by the dye molecules that
are attached to the surface of a photoanode layer synthesized from semiconductor nano-
particles. As a result, the free charges are injected into the photoanode layer while the dye
molecules are regenerated via reduction by a redox shuttle electrolyte. The oxidized electrolyte
is diffused to a counter electrode to complete the circuit. The recombination of the injected
electron with the oxidized dye before it is regenerated, or the redox shuttle, can intercept an
electron from the photoanode before it is collected. This causes a drop on the total performance
of the conversion process. It is clear that the photogeneration, separation, and recombination
take place nearly exclusively at the high-surface area with different interfaces, and thus the
properties of these interfaces are of critical importance to the conversion efficiency of the
DSSCs devices. In the last decade, different n-type metal oxide semiconductors were used
as a photoanode in DSSCs from a principle point of view such as ZnO, TiO2, SnO2, In2O3,
and Nb2O5. Currently, common photoanode materials that are used as a thin film layer on
transparent conducting oxide in DSSCs are TiO2 and ZnO nanoparticles (ZnO NPs).
5
Among these materials, ZnO has a slightly higher conduction band level compared to
those of TiO2 and a superior electron mobility, which, in turn, allows for the generation of
higher open-circuit voltage and facile electron transport. Additionally, ZnO nanostructures
with large surface areas can be realized.6 Dye-sensitized TiO2 and ZnO DSSCs have attracted
considerable attention in both science and technology.7 In addition, versatile ZnO is having
a large exciton binding energy of ∼60 meV at room temperature,8 and a wide bandgap
(3.37 eV) with very high electron mobility (155 cm2 V−1 s−1).9 The properties of ZnO includ-
ing their piezoelectricity, electrical conductivity, biocompatibility, and UV-visible lumines-
cence have led to numerous applications in various fields including piezoelectric devices,
biolabeling, light-emitting diodes, and short-wavelength nanolasers.8 The popularity of
such materials is due to their large surface area and chemical affinity for adsorption of
molecules of dye as well as their suitable energy band gap for charge transfer from dye to
electrolytes.10,11 The structure and morphology of the photoelectrode play a vital role in devel-
oping such materials.12,13 The improvement of the conversion efficiency can be attributed to
the larger surface area, which is a goal of most researchers in the field. However, a sufficient
absorption of the solar spectrum is the start for any power conversion. Therefore, the nature of
the adsorbed anchored dyes on the surface of the semiconductor is a crucial factor to enhance
the performance of such cells.
To date, two kinds of dyes, namely, metal-organic complexes, e.g., ruthenium (Ru) (II) poly-
pyridyl complexes14–16 and metal-free organic dyes (MFODs),17–19 have been widely used as
sensitizers of DSSCs. There are different factors that make MFODs good candidates for DSSCs
devices: (1) inexpensive, because they do not contain noble metals such as Ru; (2) their relatively
large absorption coefficient; (3) easy to be recycled; and (4) the ability to control their absorption
spectra via molecular design. Although Ru complexes have many disadvantages, there are still
some problems to be solved in terms of higher cost, preparation, and purification. In this regard,
organic sensitizers are recently considered as the alternative to Ru complexes. Among the
organic sensitizers, eosin-Y (C20H6Br4Na2O5) from xanthene series is one of the best sensitizers
and much cheaper than the Ru complexes dyes.9 In addition, the DSSCs based on eosin dyes is
more stable than that based on the Ru dyes, where Ru dyes deteriorate the surface of the ZnO
NPs. In this work, ZnO NPs were synthesized via a simple method for use as a photoanode for
the DSSCs without blocking layer and no double layers. The structural and optical properties of
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the synthesized, ZnO NPs were investigated. When compared with other organic dyes, eosin
B (EB) and eosin Y (EY) were used as a photosensitizer that are bound to the surface of
the ZnO NPs, which are thousand times cheaper than the Ru-based dye, and it is easier to recycle
metal-free dye-based cells.20 The comparison between the two dyes in terms of the assembled
DSSCs performance was reported. Our ongoing work is based on the modification of eosin dyes
by adding some functional groups to enhance the performance of the harvesting and electron
injection of such dyes.
2 Experimental
2.1 Synthesis of ZnO Nanoparticles
ZnO NPs were synthesized using the hydrothermal method. Eight-grams of zinc acetate
½ZnðCH3COOÞ2 ⋅ 2H2O was dissolved in 100 ml of pure methanol. After vigorous stirring
for 30 min at a temperature of 60°C and sonication for 30 min, a colorless homogeneous solution
was obtained. A 5M NaOH was added dropwise into the solution under continuous and vigorous
stirring to adjust the pH to be 14. The colorless homogeneous solution changed to milky white
slurry colloid. The milky white colloid was stirred for 60 min at a temperature of 60°C. The
colloid was transferred to a 100-ml Teflon lined stainless steel autoclave for 3 h at a temperature
of 160°C. After that, a white precipitate was carefully collected and then centrifuged at 3500 rpm
by washing five times for 90 min with absolute ethanol to remove the debris, the excess salts,
and the leftover unreacted materials. Finally, the residual product was left to dry overnight at
a temperature of 120°C, and then, crushed into powder form.
2.2 Fabrication and Assembly of the DSSCs Devices
The paste of ZnO NPs was prepared by mixing ZnO NPs and polyethylene glycol (PEG 400)
with the ratio 1∶2 using a mortar and pestle for 10 min. The paste was deposited on fluorine-
doped SnO2-coated glass substrates, using the “doctor blade” technique forming 0.5 × 0.5 cm2
layers. The layers were dried at 100°C for 60 min followed by sintering at 450°C for 60 min in
air. The thickness of the obtained sintered layers was measured and lies between 12 and 15 μm.
The prepared ZnO NPs photoanode films were divided into two groups, I and II. Groups I and II
were, separately, immersed in different concentration solutions of 0.1, 0.32, and 0.5 mM of EB
(C20H8Br2N2O9) and EY (C20H6Br4Na2O5) dyes to sensitize them. After 24 h, the films were
rinsed in ethanol and were air dried at room temperature. A Pt-coated silicon substrate was used
as the counterelectrode where the liquid electrolyte was the iodide-based solution, which consists
of 0.6M tetra-butylammonium iodide, 0.1M lithium iodide, 0.1M iodine, and 0.5M 4-tert-
butylpyridine in acetonitrile.
The photovoltaic DSSCs devices were characterized using a simulated AM 1.5 sunlight illu-
mination with an output power of 100 mWcm2. To measure the adsorbed dye amount on the
films, the dye was desorbed by immersing dye-sensitized films in a 0.1M NaOH solution in
water and ethanol (1∶1, v/v). An ultraviolet–visible spectrophotometer (UV–vis) was employed
to measure the dye concentration of the desorbed-dye solution. The transient open-circuit
photovoltage decay (TOCPVD) experiment was conducted by monitoring the subsequent
decay of TOCPVD due to turning off the light source after illuminating the DSSCs devices
based on 0.32 mM of the EB and EY dyes for few minutes following the technique used by
Zaban et al.21
2.3 Measurements and Characterization Techniques
The structure of the prepared ZnO NPs samples was investigated with a range of wide Bragg’s
angle (2θ ¼ 25 deg to 75 deg) using Philips Expert, x-ray diffraction (XRD) equipped with
Cu-Kα radiation (λ ¼ 1.5418 Å), employing a scanning rate of 0.02 s−1. High-resolution
transmission electron microscopy (HR-TEM) micrographs were obtained using (JEM-2100),
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JEOL electron microscope operated using 200 kV. Samples for HR-TEM studies were
prepared by placing a drop of nanosuspension on a carbon-coated Cu grid, and the solvent
was evaporated at room temperature. A small quantity of prepared ZnO nanopowder was
dissolved in ethanol to measure the UV–vis absorption and photoluminescence (PL)
emission. The UV–vis absorption measurements were performed using double beam shimadzu
UV-1601 PC with a diffraction grating with a self-aligning, energy-optimizing deuterium
lamp for ultraviolet region and halogen lamp for the visible region to enhance the accuracy
across the UV–vis. All PL emission spectra were measured with spectrofluorimeter model
SPF-200 (Biotech Engineering Management Co., UK). PL measurements were conducted
at room temperature using 150 W xenon lamp with a high-sensitivity photomultiplier
tube, as a detector in the range from 350 to 900 nm and the excitation wavelength was
320 nm.
3 Results and Discussion
3.1 X-Ray Diffraction Patterns Analysis
Crystallography structure phase and lattice parameters of the as-synthesized ZnO NPs can be
investigated by XRD technique. Figure 1 shows the intense and crystalline XRD patterns of the
as-synthesized ZnO NPs, which were recorded at room temperature. All the diffraction peaks are
indexed to the standard hexagonal wurtzite structure of ZnO NPs (inorganic crystal structure
database number ICSD-52362). The sharpness of the broadened XRD diffraction peaks is
an indication of the small size and the good crystallinity of the NPs. In addition, no peak cor-
responding to any impurity could be seen and this confirms the formation of single phase of ZnO
NPs. The preferred orientation corresponding to the plane (101), which overwhelms the other
peaks, is the most prominent peak, which agrees with the results of Kumar et al.22 Based on the
Scherrer equation, the estimated average crystallite size of the ZnO NPs has been obtained from
the highest diffraction peak along the (101) plane. The calculated value of the average crystallite
size is 23.34 nm.
3.2 HRTEM Analysis of ZnO NPs
HR-TEM bright-field photomicrographs were used to conclude the actual shape and size
distribution of the as-synthesized ZnO NPs. As shown in Fig. 2(a), the HR-TEM micrograph
suggests that ZnO NPs are, well, crystallized with an intermediate or poor agglomeration.
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Fig. 1 XRD patterns of the as-synthesized ZnO NPs.
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Moreover, as presented in Fig. 2(a), the HR-TEM image shows the distribution of semi-pherical
morphologies of ZnO NPs with a particle size lying between 10 and 40 nm. Ghosh et al.23
reported the same morphology of ZnO NPs. The quantitative analysis of the size distribution
for the ZnO NPs was achieved by plotting the histogram in Fig. 2(b). The size distribution of
ZnO NPs is given by mean standard deviation ðSDÞ that can be produced from fitting the
histogram using the normal function [solid blue line in Fig. 2(b)]. The estimated average
size distribution of ZnO NPs is 21.35 6.01 nm. It is evident that the estimated size distribution
of ZnO NPs from HR-TEM images is in good agreement with the average crystallite size that
was calculated from the XRD patterns using Scherrer method.
3.3 UV–Vis Study
Figure 3 presents a typical optical absorption spectrum of sample as-synthesized ZnO NPs fab-
ricated in this work. It is clear that the sample has a very high absorbance in the UV region and
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Fig. 2 (a) HR-TEM image of ZnO NPs and (b) particle size histogram with a solid (blue) line rep-
resents the size distribution fit to a normal function used to determine the distribution mean-size
and SD.
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decreases exponentially with increasing wavelength, which indicates that ZnO NPs have high
response in the UV region. Moreover, the highest absorption band can be observed at 360.5 nm,
which is attributed to the bandband transition of the ZnO NPs. This exciton absorption peak
is observed at 360.5 nm due to ZnO NPs being below the band gap wavelength of bulk
ZnO (388 nm) and indicates monodispersing of ZnO NPs as suggested by Brintha et al.24
The sharp absorbance peak onset at about 360.5 nm is also a strong indication of an almost
uniform size of the as-synthesized ZnO NPs. The edge of allowed direct optical bandgap
energy (Eg) of ZnO NPs was determined using the Tauc Davis and Mott equation,
25
ðαhvÞ2 ¼ Sðhv − EgÞ, where S is constant, α is the absorption coefficient of the material,
and hv ðeVÞ ¼ 1239.7∕λ ðnmÞ is the photon energy. Eg was estimated by plotting ðαhvÞ2 versus
hv as shown in the inset of Fig. 3. Eg of ZnO NPs was estimated by extrapolating the linear
region to the abscissa, i.e., ðαhvÞ2 ¼ 0, yielding Eg ¼ 3.70 0.01 eV. The estimated energy
bandgap is agreed well with the obtained result in Ref. 26. This value of Eg indicates that
a blueshift occurred in our sample. This can be interpreted as bandgap widening that occurs
in semiconductors as demonstrated by Kim et al.27 This blueshift may be attributed to quantum
confinement effects according to Aneesh et al.28
3.4 Photoluminescence Study
PL technique is considered a good optical method for probing electron transitions between high-
and low-energy levels as well as for finding electron densities of states.29 On one hand, it can be
used to detect impurities, defects, traps, and imperfections in materials, as well as to estimate the
bandgaps of materials. The PL emission spectrum (PLES) of ZnO NPs typically exhibits a linear
emission in the NUV range (originating from exciton mechanism) and in the visible region,
which is connected to defects in ZnO NPs.23 It is well known that the PLES of ZnO nanocrystals
in the visible region is due to the defects or interior energy traps (IETs) present within the
bandgap, such as vacancies, impurities, imperfections, interstitials, Zn residues, and antisites,
mainly, from the various oxygen vacancies,30,31 which play an important role in various appli-
cations such as the performance of the DSSCs. Therefore, it is difficult to identify the IETs that
may be produced, simultaneously, during the preparation method.23 Figure 4 shows the room
temperature PLES of the as-synthesized ZnO NPs, which is recorded at excitation wavelength of
320 nm. The PLES is understood by the deconvolution consisting of eight peaks as shown in
Fig. 4. The main features of the PLES of ZnO NPs can be decomposed into two regions: NUV
and visible. For the PLES of NUV region, the positions of the emission peaks are centered at
349.31 (3.55 eV) and 382.79 nm (3.24 eV). The NUV can be subjected to the near-band edge
(NBE) emission due to the radiative recombination of free excitons through an exciton–exciton
collision process.22 The NBE emission from the ZnO nanocrystals strongly indicates the
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Fig. 3 UV–vs absorption spectrum of ZnO NPs and the inset is ðαhνÞ2 versus the photon
energy ðhνÞ.
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presence of ZnðOHÞ2.32 In the visible region, the PLES can be divided into three categories:
violet-blue (VB), blue-green (BG), and orange-red (OR). Different types of IETs are presumed
to explain the observed emission bands in the visible range. The VB emission can be decom-
posed into two peaks centered at 406.95 (3.05 eV) and 429.65 nm (2.89 eV). The VB emission
peaks are assigned to the transition of electron from the bottom (donor) of conduction band to the
energy level of Zn vacancy (VZn), which infers that the ZnO NPs are n-type semiconductors.
29
For the BG emission, it consists of two peaks centered at 453.15 (2.73 eV) and 496.94 nm
(2.49 eV). The BG emission is caused by the transition of electrons from conduction band
edge to the IETs complex (VZnO).
30 The OR emission can be disbanded into two peaks centered
at 629.94 (1.37 eV) and 647.37 nm (1.31 eV). Generally, the OR centered at ∼600 to 760 nm is
attributed to deep IETs interstitial and vacancies of oxygen (Oi and Vo), respectively, in ZnO
NPs.22,31 From our view, when the GB emission diminishes, OR emission at higher wavelength
(low energy) will be intense. By comparing our results to other published articles, it is possible to
find a blueshift in the peaks positions due to the different kinds of transitions. The increased
blueshift in the emission spectrum for ZnO NPs is most likely due to a reduction in the NPs
aggregation, which is in agreement with the HR-TEM results in Fig. 2. The reduced aggregation
is understood to result in a higher number of interfaces with the NPs. The increased blueshift can
also be explained to arise from band bending due to a depletion layer in smaller spherical par-
ticles, which is absent in the larger particles with flat faces.23,30,33,34 The ratio between the areas
of the NBE and the IETs emissions is an indicator of the quality of ZnO (i.e. the ratio of the
defects in the ZnO). This is very important to determine the usage of the ZnO. For example, in
the DSSCs, a high ratio of defects (IETs emissions) is required. As shown in Fig. 4, the area
under the IETs emissions was found to be more than the area under the NBE emissions. This
indicates that the ratio of defects in ZnO is high.
3.5 Solar Cell Performance
The performance of the ZnO NPs photoanode that were sensitized with different concentrations
of single EB, and EY dyes were examined. The characteristic J − V curves of different fabricated
DSSCs devices with different concentrations of single EB and EY are shown in Figs. 5 and 6,
respectively. The calculated values of the photovoltaic performance parameters for all fabricated
DSSCs devices are listed in Table 1, in which the sensitized cell with the concentration of
0.32-mM EY dye exhibited the highest efficiency and best performance, which has the following
performance parameters: open-circuit voltage Voc ¼ 0.46 V, short circuit photocurrent density
Jsc ¼ 4.97 mA cm2, maximum power Pm ¼ 2.29, fill factor FF ¼ 41.46%, and efficiency
η ¼ 0.94%. The highest Pm was recorded for the signed DSSCs device with 0.32-mM EY
dye, whereas the lowest Pm was registered for the marked DSSCs device with 0.5-mM EB
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Fig. 4 PLES and deconvoluted peaks of ZnO NPs was excited at 320 nm.
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dye. In Table 1, comparison of results for cells fabricated with EB dye to those fabricated with
EY dye at a fixed concentration of 0.32 mM is shown. It is evident that cells with EY dye dis-
played higher efficiency, and their performance parameters are much better among all fabricated
DSSCs devices. It was expected that high dye loading may result in poor stability and deterio-
ration of the performance of the ZnO NPs because of the acidic-binding groups that can lead to
dissolution of ZnO NPs and precipitation of complexes consisting of the dye and Zn2þ ions.35
The electron injection efficiency can also be influenced by the aggregation of dye molecules on
the metal oxide surface, where less aggregated dye anchoring onto the metal oxide should be
Table 1 Photovoltaic performance parameters for DSSCs devices made from ZnO NPs photo-
anode films for different concentrations of EB and EY dyes.
Dye conc. (mM)
Jsc (mA∕cm2) V oc (V) FF η (%)
EB EY EB EY EB EY EB EY
0.1 1.27 3.34 0.37 0.46 46.76 46.31 0.22 0.70
0.32 1.59 4.97 0.36 0.46 49.76 41.46 0.29 0.94
0.5 0.36 3.54 0.35 0.45 49.63 44.96 0.17 0.73
Fig. 6 Characteristic J − V curves for DSSCs made from ZnO NPs photoanode at different
concentrations of EY dye, the inset is the EY molecular structure.
Fig. 5 Characteristic J − V curves for DSSCs made from ZnO NPs photoanode at different
concentrations of EB dye, the inset is the EB molecular structure.
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desirable for faster electron injection.36 It is further noticed from this comparison that, the Jsc
increased from 1.59 to 4:97 mA∕cm2 and the Voc was enhanced from 0.36 to 0.46 V. Ultimately,
the results indicated that the conversion efficiency from light to electricity showed a significant
improvement from 0.29% to 0.94%.
The lower energy conversion efficiency in the DSSCs devices could be attributed to the lower
amount of dye adsorbed in the ZnO NPs film resulting in lower absorption of light, which
reduces the injection efficiency of charge carriers into the photoanode. The previous results
showed an enhancement of both the Jsc and the Voc in the case of the EY dye compared to
the case of the EB dye, which may be attributed to the higher dye loading of the EY on the
surface of the ZnO NPs. Figure 7 shows the dye uptake of both EB and EY dyes normalized
to the same area. The calculated amount of dye adsorbed per unit area is 1.3 × 10−7 mol∕cm2 for
the EB sample and 3.9 × 10−7 mol∕cm2 for the EYone. The EY samples exhibit larger absorp-
tion compared with the EB one. The significant increasing of the dye loading of EY may explain
the high Jsc compared with that for EB. It is expected that EYattached very well onto the surface
of the ZnO NPs film, which is more negative than EB, whereas the electrostatic attractive forces
are stronger than that of EB. The extinction coefficient of EY is 1226, which is much larger than
that of EB (549),37 which mean higher harvesting ability for the photons. The difference in the
Voc for both dyes refers to the faster recombination process for the cell based on the EB dye. The
generated electrons in DSSCs based on the EB dye can be recombined with triiodide at the ZnO/
electrolyte interface faster than those in the case of DSSCs based on EY dye. The differences in
the photoinduced current density (J) were generated by the EY dye that is attributed to the
upward shift movement of the conduction band edge and conversely for EB dye. The Voc is
related to the energy difference between the Fermi level of the metal oxide and the Nernst poten-
tial of the redox couple in the electrolyte. The electron injection into the conduction band of
metal oxide results in an increase in electron density, raising the Fermi level toward the con-
duction band edge (band bending). This shift of the Fermi level of metal oxide under irradiation
increases the free energy of injected electrons, which is responsible for the generation of
the photovoltage in the external circuit.38 The downward shift of the conduction band edge
leads to a lower Voc, which indicates that the photoinduced electron density solely determines
the difference between the conduction band edge and the electron quasi-Fermi level under
illumination.39 In addition, in terms of the dye loading and the light scattering, it is widely agreed
that the charge-transition kinetics play a significant role in understanding the performance of
DSSCs devices such as the conversion efficiency.40 According to the suggested simple
model of the DSSCs by Ref. 41 at short circuit, different charge-transition processes can exist
in the DSSCs devices, in which the slower recombination process is preferable. It is well known
that the charge presents more than one kind of motion status at different voltage-dependent
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Fig. 7 UV–vis adsorption spectra of EB and EY dyes absorbed by ZnO NPs film.
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regions.40 Among them, the exponential increase region relates to internal trapping of the photo-
anode material, which reveals the apparent electron lifetime or response time (τn) or the electron
recombination rate (krec) in the photoanode material. The TOCPVD measurements were carried
out on the fabricated DSSCs devices to obtain the τn or krec. Figures 8 and 9 show TOCPVD
experiment for the DSSCs devices, based on the 0.32 mM of EB and EY dyes, which follow
a pseudoexponential (semilog) form. Two decayed components are distinguished: fast and slow
decays, which may be attributed to their intrinsic material properties.42 This, also, may be attrib-
uted to the different defects of the ZnO NPs that were discussed in the PL results earlier. A
double exponential function fits the TOCPVD data as in Eq. (1) to extract the decay parameters
EQ-TARGET;temp:intralink-;e001;116;399VOC ¼ V0 þ V1e−ðt−t0Þ∕τ1 þ V2e−ðt−t0Þ∕τ2 ; (1)
where V0 is the offset of the VOC, V1 and V2 are the amplitudes of VOC of the two fitting curves, t
is the decay time, t0 is the center of the fitting curve, and τ1 and τ2 are the decay time constants
(lifetime). The second and third terms on the right-hand side of Eq. (1) describe the fast and slow
decays, respectively. Equation (1) indicates that different decay mechanisms are excited during
the TOCPVD process. τn is an important parameter that renders a better understating of the
photovoltaic system. As it was reported in Ref. 21, the τn is determined by the reciprocal of
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Fig. 9 TOCPVD of DSSCs device based 0.32-mM of EY dye and the red line is the double
exponential decay fitted curve.
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Shaat et al.: Inexpensive organic dyes-sensitized zinc oxide nanoparticles photoanode. . .
Journal of Photonics for Energy 025504-10 Apr–Jun 2017 • Vol. 7(2)
the derivative of the TOCPVD curve normalized by the thermal voltage (VT ¼ KBT∕q), where
KB is Boltzmann constant, T is the absolute temperature, q is the elementary charge, using the
following equation:41
EQ-TARGET;temp:intralink-;e002;116;699τn ¼ −VT

dVoc
dt

−1
: (2)
Now, the differentiation reciprocal of Eq. (1) is
EQ-TARGET;temp:intralink-;e003;116;642

dVOC
dt

−1
¼

−

V1
τ1
e−ðt−t1Þ∕τ1 þ V2
τ2
e−ðt−t2Þ∕τ2

−1
: (3)
When Eq. (3) substitutes into Eq. (2), it becomes
EQ-TARGET;temp:intralink-;e004;116;584τn ¼ VT

V1
τ1
e−ðt−t1Þ∕τ1 þ V2
τ2
e−ðt−t2Þ∕τ2

−1
: (4)
Since the backtransition is usually taken as the pseudofirst-order rate constant, which is
related to τn as
EQ-TARGET;temp:intralink-;e005;116;514 rec ¼
1
τn
: (5)
Substitute Eq. (4) into Eq. (5), which becomes
EQ-TARGET;temp:intralink-;e006;116;458 rec ¼

V1
τ1
e−ðt−t1Þ∕τ1 þ V2
τ2
e−ðt−t2Þ∕τ2

½VT −1: (6)
Depending on Eq. (1), the fitting parameters for the DSSCs devices that were sensitized with
0.32 mM of EB and EY dyes are tabulated in Table 2. It is notable that the sensitized device with
EB dye has a longer lifetime than EY dye. Meanwhile, the recombination rate of the sensitized
device with EB dye is slower than that sensitized with EY dye. The results revealed that the τn in
the ZnO NPs (0.32-mM EB dye)-based DSSC was longer than that in the 0.32-mM EY dye,
demonstrating that the latter possessed a higher surface trap density,42 which might result from
the larger surface area. The higher recombination rate and shorter electron lifetime within ZnO
NPs photoanode were the reason why the FF of corresponding DSSCs decreased.
As the impedance spectroscopy is not available at our lab to check the electron transport
kinetic reaction in the cell, the TOCPVD was investigated more to get deeper insight into
the recombination mechanism. TOCPVD proves to be an excellent tool, although the recombi-
nation of the photoinjected electrons with the oxidized dye cannot be measured by TOCPVD, as
being a dark measurement. When abruptly stopping the irradiation, the TOCPVD yields the
approximated lifetime of photoinjected electrons. Under this dark condition, the electron trans-
port resistance within the photoanodes does not influence the TOCPVDmeasurement since there
is no current cycling through the DSSCs. The accumulated electrons in the conduction band and
the localized states recombine with the oxidized species and, consequently, the Voc decays due to
the shift of the ZnO Fermi level. The dependence of the τn on the Voc qualitatively indicates the
nature of the electron-trapping mechanism by surface traps and bulk traps that are localized
Table 2 The parameters of the TOCPVD.
Dye 0.32 mM V 0 (V) t0 (s)
Fast decay Slow decay
τn (s) k rev (s−1)V 1 (V) τ1 (s) V 2 (V) τ2 (s)
EB 0.1099 12.3573 0.1403 1.1064 0.1329 9.3401 10.4465 0.0957
EY 0.1237 19.4854 0.1067 0.9798 0.2263 8.1563 9.1361 0.1094
Shaat et al.: Inexpensive organic dyes-sensitized zinc oxide nanoparticles photoanode. . .
Journal of Photonics for Energy 025504-11 Apr–Jun 2017 • Vol. 7(2)
electronic states within the bandgap.6 Surface traps are defined as localized states with shallow
traps, allowing charge transfer not only to conduction band states but also to acceptor species
such as the oxidized dye (photosensitizer) or acceptor species in the electrolyte.7 Surface traps
stem from superficial amorphous states and can be correlated with the defect characteristic of
zinc interstitial.6 Meanwhile, bulk traps consist of localized states acting as deep charge trapping
states allowing charge transfer merely with conduction band states. On the other hand, bulk traps,
which restrain the recombination reaction and prolong the lifetime of the trapped electron, can be
found at grain boundaries and amorphous states, and can be associated with the deep level of
defect states originating from oxygen vacancies.6 However, this helps in the interpretation of
results in the present study and the trend in lifetime decay. The monoexponential function
unfortunately did not fit the experimental obtained data for the cell sensitized with EY dye.
However, double exponential function fitted the data very well. To confirm the double expo-
nential, a comparison test was also performed using EB sensitizer, which gave the same behav-
ior. Electron lifetime was proposed to quantify the extent of electron recombination with the
redox electrolyte and has been proven effective. The response time in the low voltage region
depends on the surface trap density in the ZnO NPs photoelectrode, which influences an electron
recombination with oxidized dyes, and redox species in the electrolyte. As indicated in Table 2,
the estimated lifetimes for EY and EB showed different values. Chao-Po et al.43 and Wu et al.44
reported different response times for different dyes with the same electrode. This was referred to
as the difference in the surface trap density results from the adsorption of the dye on the ZnO NPs
surface.
4 Conclusion
ZnO NPs photoanode were successfully synthesized and mediated by the hydrothermal method.
XRD results indicated that a hexagonal wurtzite structure was formed. The HR-TEMmicrograph
showed that semispherical particles (10 and 40 nm) for ZnO NPs were well crystallized with an
intermediate or poor agglomeration. The average ZnO NPs size was confirmed by XRD and
HR-TEM inspections. The calculated bandgap of the ZnO NPs was found to be 3.70 0.01 eV,
which indicated that a blueshift occurred. The PLES of ZnO NPs were examined and decom-
posed into two regions: NUV and visible (violet-blue, blue-green, and orange-red). The 0.32-
mM EY dye-sensitized cells presented the best DSSCs performance among others. The results
showed an enhancement of both the Jsc and the Voc for the EY dye-sensitized cells compared to
the EB dye-sensitized cells, which is attributed to the higher dye loading of the EY dye on the
surface of the ZnO NPs.
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